and other follow-on studies have shown that liquid droplets 8, 9 and sublimating solids 10 can be propelled using ratchet like surface asymmetry in the Leidenfrost regime (film boiling). While significant droplet velocities on the order of 50-400 mm/s can be obtained, 7, 9 heat transfer rates are generally poor, and surface temperatures high for practical devices such as electronics due to the presence of a vapor film between the surface and the droplet. We wanted to explore whether one could utilize surface asymmetry in microstructure to affect lateral motion of liquid in the nucleate boiling regime, wherein the heat transfer rates and coefficients are significantly higher, and surface temperatures significantly lower, than in the Leidenfrost regime.
We employ the same type of asymmetry as that in Linke et al., 7 viz., mm-sized ratchets with shallow (24 -30 ) and steep (66 -60 ) faces. In addition, we have added reentrant cavities to one (shallow) slope of each ratchet such that an asymmetry exists in the location of cavities (and hence bubbles) on either side of the ratchet (Figs. 1(a) and 1(b) ). The microstructured surfaces were created using silicon fabrication methods and are detailed in Thiagarajan et al. 11 We hypothesize that, upon supply of sufficient superheat to the surface via addition of heat, bubbles would emanate preferentially from the cavities and grow normal to the sloped ratchet face while being attached to the surface. We further hypothesize that such bubble growth on the ratcheted surfaces will result in liquid motion with a net axial velocity component ( Fig. 1(c) ). Figures 1(d) and 1(e) and 1(f) and 1(g) show example images from high speed videos of boiling from such structured surfaces using two fluids with distinct properties-water and a dielectric fluorinert, FC-72. The structured surfaces were located in a quiescent pool of the fluid at atmospheric pressure and the pool temperature was controlled to be either close to saturation or subcooled condition using cooling coils. Consistent with the first hypothesis, high speed video images from both experiments indicate growth of the bubble normal to the shallow slope at the cavity location. Detailed growth rate data for FC-72 were determined from high speed videos and image processing over heat fluxes ranging from 0-4.5 W/cm and subcooling ranging from 0 to 20 C. 12 Over this range of conditions, the initial growth phase was rapid, indicative of an inertially controlled growth regime; 13 while the later stages of growth was slow, indicative of a heat transfer controlled bubble growth. Based on the videos in Fig. 1 , it is also clear that the growth of the bubble is non-spherical with coalescence of a growing bubble with a departed bubble in the case of water ( Fig. 1(e) ).
We now proceed to demonstrate that the non-vertical growth of the bubbles results in a net lateral motion of liquid through a simple force balance model and experiment. Consider a bubble, with a diameter of d i and height h i at a time instant i growing at a cavity site as shown in Fig. 2 . At a later stage in growth (i þ 1), the bubble is indicated as having a diameter d iþ1 and height h iþ1 . The growth of the bubble imparts a momentum,P l ¼ fq l A infṽl f À1 d gṽ l , to the liquid in a control volume indicated in Fig. 2 . The cross-sectional area of the liquid affected by the bubble growth is denoted as A inf , while the height of the control volume is given by a product of the liquid velocity,ṽ l , and frequency of bubble departure, f d . Drag force by the liquid on the bubble impedes the growth rate of the bubble. A momentum balance therefore gives
where the relative velocity between the bubble and the liquid is represented as @h=@t. Based on the oblong shape of the bubbles in Fig. 1 , bubble height was considered indicative of the interfacial velocity, while the bubble diameter was used for drag force. Equation (1) can provide an analytical expression for determining liquid velocity if the bubble growth rate could be predicted without any empiricism. Traditional models of growth rate for inertially controlled and heat transfer a)
Author to whom correspondence should be addressed. controlled regimes were compared with the growth rate seen in the present experiments. 12 Unlike in typical inertially controlled growth over a flat surface, 13 we did not observe the presence of a liquid microlayer. It is likely that smaller bubbles formed within the reentrant cavity and merged together before being ejected from the cavity as bubbles seen in Fig. 1 .
Hence, we resorted to a semi-empirical determination of v l by using growth rate data from high speed videos. Since discrete high-speed images were recorded, Eq. (1) was discretized with a time step corresponding to the interval between two consecutive frames
Because the rate of growth of bubble height is determined between two frames, the diameter in Eq. (2) was estimated as the average diameter between the two frames. To determine the drag coefficient C D in Eq. (2), the Reynolds number based on the average diameter and bubble height growth rate was used. For simplicity, albeit an approximation, values for C D were determined based on flow over a sphere. 14 The liquid velocity in A inf can be determined by expressingP l in terms of the velocity in Eq. (2)
Validation of the model was made possible in one particular experimental condition with deionized water at 20 C 6 0.3 C subcooled condition (80 C water temperature at atmospheric pressure). Under this condition, bubbles that departed from active cavities were observed to collapse in the subcooled pool near the heated surface (denoted as near field in Fig. 3(a) ). Further away from the surface, (between 3 and 5 mm) these bubbles were much smaller size (denoted as far field in Fig. 3(a) ). The test section used in this experiment was identical to that shown in Fig. 1(a) settling time was much smaller than the convective time of the bubbles; hence, their velocity is representative of the liquid velocity. 15 Figures 3(b) and 3(c) show two consecutive frames (0.3125 ms apart) of the near field of an active cavity. The bubble is seen to depart normal to the surface and accelerate rapidly during the collapse phase. A custom bubble tracking velocimetry code was developed in Matlab and used to determine the velocity of the far field bubbles. 16 Note that the velocity estimates included an estimation of quantifiable uncertainties due to image distortion by the optics (microscope lens and objective), uncertainty in the image resolution due to uncertainty in the scale of the reference geometry (ratchet pitch) in experiments, and the accuracy in the measurement of that reference geometry. 16, 17 Figure 3(f) shows the bubble tracking velocimetry results on the departed bubbles using bubble location information from the frame shown in Fig. 3(a) and its subsequent frame. The near-field departed bubble velocity (Figs. 3(b) and 3(c) ) is seen to be in excess of 600 mm/s. In the far field, the bubbles move at a much slower velocity due to the inertia of the quiescent pool (Figs.  3(d) and 3(e) ). The velocity of these bubbles, which represents the liquid velocity in the pool, is between 30 and 60 mm/s with a mean component of 25 mm/s parallel to the test surface. The bubbles traveled at this speed and direction for their duration in the field of view. A visual observation during experiments indicated that the plume continued in this direction well outside the camera's field of view. A repeatability experiment was performed 58 days following this experiment and confirmed that the velocity of the plume bubbles were between 30 and 70 mm/s.
The liquid velocity from the experiment was compared against the predicted velocity using the bubble growth model. A slight modification to Eq. (3) was made to account for the area affected by each bubble; the modified control volume of liquid affected by each bubble is shown in Fig. 3(g) . Since there were 28 cavities on the test section of footprint A ts , the area of liquid influenced by each active cavity was 1=28 ð ÞA ts cos a ð Þ in Eq. (3), in place of A inf . The liquid velocity from the bubble growth model is estimated to be 45 mm/s, with a horizontal component of 18 mm/s, which compares reasonably (within 33%) to the velocity of the far-field bubbles from bubble tracking. Given the simplicity of the model this reasonable match with experiments confirms that the bubble growth is largely responsible for the net axial motion imparted to the liquid.
In conclusion, by use of reentrant cavities located preferentially on one slope of mm-sized ratchets, we have demonstrated that liquid motion with a net component parallel to the structured surface can be obtained. A semi-empirical bubble growth model was used to explain the resulting liquid motion using data of bubble growth from high-speed imaging. The concept presented herein can find practical applications in enhanced pool boiling for immersion cooling of electronics as well as in closed-loop passive thermal management systems.
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